Abstract. Semi-metallic graphene and semiconducting monolayer transition metal dichalcogenides (TMDCs) are the two-dimensional (2D) materials most intensively studied in recent years [1] [2] . Recently, black phosphorus emerged as a promising new 2D material due to its widely tunable and direct bandgap, high carrier mobility and remarkable in-plane anisotropic electrical, optical and phonon properties 3 4 5 6 7 8 9 10 11 .
Since early 2014, the 2D material research community has witnessed the rise of its newest member -black phosphorus 34567891011 . With excellent transport properties, a bulk bandgap in the infrared, and strong in-plane anisotropy, layered black phosphorus 1213141516 has regained remarkable interest for potential applications in highperformance thin-film electronics, mid-and near-infrared optoelectronics, and for developing conceptually novel devices which utilize its anisotropic properties 4611 .
Monolayer black phosphorus is of particular scientific and technological significance. In the monolayer limit, the strong 2D quantum confinement and reduced screening enhances the Coulomb interaction between carriers, allowing tightly bound excitons to form 1718 .
Moreover, with the inclusion of its monolayer form, black phosphorus is expected to have a very large thickness-dependent bandgap tuning range from 0.3 to around 2 electron volts 1011 . However, past research has predominantly focused on black phosphorus in its multi-layer and thin-film forms. Sporadic studies 5, 19 on mono-and fewlayer phosphorus have yet to reveal the most fundamental and intriguing properties of this material in its true 2D limit.
In this work, we carried out a detailed study of monolayer black phosphorus using polarization-resolved photoluminescence spectroscopy. Combined with first principles calculation, our study provides compelling experimental evidence for the bandgap values (both optical and quasi-particle) of monolayer black phosphorus and also suggests an exciton binding energy of ~0.9 eV. In addition, we also reveal the highly anisotropic nature of these robust excitons, which may be utilized to build conceptually new optoelectronic and electronic devices.
Black phosphorus has an orthorhombic lattice structure belonging to the D 2h point group.
Each phosphorus atom is covalently bonded with three adjacent atoms to form a puckered honeycomb network as shown in Figure 1a . Hence, black phosphorus has reduced symmetry compared to graphene's D 6h point group, resulting in a highly asymmetric band structure and unusually strong in-plane anisotropy. In our experiments, monolayer black phosphorus samples were prepared by micro-mechanical exfoliation of bulk crystals onto 285 nm or 90 nm SiO 2 thermally grown on silicon wafers. Figure 1b shows an optical micrograph of a monolayer flake on 285 nm oxide on silicon. We identify the black phosphorus monolayers by combining atomic force microscopy (AFM) and Raman spectroscopy characterizations (see Supplementary Information I and Methods for details). The thickness of monolayer flakes is measured to be around 0.7 nm. This value is slightly larger than the nominal monolayer black phosphorus thickness of 0.53 nm but significantly less than the expected bilayer thickness of 1.06 nm, suggesting that the flake is indeed a monolayer.
As discussed in the Supplementary Information I, Raman spectroscopy also reveals the crystal orientations of monolayer black phosphorus 4, 19 . The Raman spectra were measured by exciting with a linearly-polarized green laser (532 nm) incident along the zdirection perpendicular to the x-y plane shown in Fig. 1a providing an effective method to determine the crystalline direction of monolayer black phosphorus. We found that its intensity oscillation fits well to a cos 2 (θ) function (θ denotes the angle between the x-axis and the polarization of the excitation laser) plus an offset, as shown in Fig. 1d .
The polarization-resolved photoluminescence (PL) experiments on monolayer black phosphorus were performed with an excitation energy of 2.33 eV (532 nm) and a spot size of ~1.5 μm in vacuum at room temperature (see Methods for details). The laser power was kept below 20 μW to avoid any damage to the samples. Figure 2a shows the polarization-resolved photoluminescence spectra of a typical monolayer sample.
Excitation polarization and PL detection are selectively oriented along either the x-or yaxes, leading to a total of four different spectra. Regardless of the excitation or detection polarization, the emission spectrum shows a single peak with a FWHM of about 150 meV centered at 1.31 eV (947 nm). For the five monolayer black phosphorus samples measured, the emission peaks fall into a range of 1.31  0.02 eV. The highest PL intensity occurs when both excitation and detection polarizations are aligned with the xdirection. Moreover, it is worth mentioning that the emitted light is always predominantly polarized along the x-direction. The emission intensity along the y-direction is 5 consistently less than 3% of that along the x-direction, regardless of the excitation light polarization, as illustrated in Figure 2b .
This intriguing observation of strongly polarized PL emission is consistent with previous first-principles simulations of monolayer black phosphorus, in which excited states are dominated by anisotropic excitons due to the reduced symmetry and screening 10 . Figure   2c depicts the electron wave function of the bright ground state exciton of monolayer black phosphorus calculated based on the first-principles GW-Bethe-Salpeter-Equation However, since the absorption of monolayer black phosphorus depends on the excitation light polarization, the PL intensity does vary as the excitation polarization changes.
Although excitonic light emission has been observed in monolayer transition metal 6 dichalcogenides 2324252627282930 , our results represent the first experimental demonstration of anisotropic excitons in 2D materials. Here the excitonic properties of monolayer black phosphorus resemble those of quasi-one-dimensional systems, such as carbon nanotubes 313233 , whereas monolayer black phosphorus is a truly two-dimensional system.
More importantly, the existence of such highly anisotropic excitons constitutes the first direct experimental evidence of distinctively different carrier mobilities along x-and ydirections in monolayer black phosphorus.
To determine the exciton binding energy, we performed photoluminescence excitation spectroscopy (PLE). Here, both excitation and detection are x-axis polarized. We monitored the exciton PL while the excitation wavelength was swept from 653 to 477 nm (1.9 to 2.6 eV) with constant excitation power (see Methods for details). Figure 3a shows a 2D plot of PLE spectra as a function of both excitation and emission photon energies.
The sporadic sharp spikes are due to the imperfect subtraction of the radiation background. Figure 3b plots the PLE spectra taken along the horizontal blue, cyan, and green dashed lines in Fig. 3a , corresponding to excitation photon energies of 2.58, 2.45, and 2.34 eV, respectively. Regardless of the excitation photon energy, the PL peaks at 1.32 eV as expected since the emission originates from the same bright excitons.
However, the intensity of PL is the strongest when the excitation energy is at 2.45 eV, six times stronger than with an excitation energy of 2.15 eV. The peak PL intensity as a function of excitation energy is plotted in the inset of reasonably well. Although the calculation is performed on a suspended monolayer to minimize the consumption of computational resources, it is known that the existence of a dielectric substrate reduces the quasiparticle bandgap and exciton binding energy in a similar manner and the calculated exciton energy does not depend strongly on the substrates 29, 34 . Moreover, the calculation indicates that the quasi-particle bandgap is around 2.2 eV, consistent with previously reported theoretical (G 1 W 1 ) value.
The line shape of the calculated quasi-particle absorption spectrum, blue curve in the lower panel of Fig. 3c , is consistent with the data in the inset of Fig. 3b . The absorption of monolayer black phosphorus abruptly increases around the quasi-particle band edge and then decays, leading to similar behavior in PL intensity. Here, the quasi-particle band edge is defined as the position at which the absorption increase rate is the largest. Under this definition, the quasi-particle bandgap of monolayer black phosphorus can be extracted to be 2.26  0.1 eV from the inset of Fig. 3b , which agrees with the calculated value (2.2 eV in lower panel of Fig. 3c ). However, two minor factors need to be clarified in the comparison of experimental and theoretical results. First, in first principles 8 simulations of quasi-particle absorption, the interference effect introduced by the 290 nm thick oxide and silicon substrate has not been taken into account. Calculations based on multilayer film model 35 show that the introduction of the interference effect does up shift the band edge by approximately 60 meV. As a result, if the interference effect is taken into account, the quasi-particle bandgap estimated using experiments should be modified to 2.2  0.1 eV, which matches the theoretical results perfectly and leads to an exciton binding energy of 0.88  0.12 eV. Second, the numerical calculation is performed on a suspended monolayer. If the substrate effect is taken into account, the quasi-particle band gap will probably be reduced by 0.1 to 0.2 eV, and then the experimentally extracted quasi-particle bandgap is in fact slightly larger than the theoretical one. The upper panel
of Fig. 3c schematically shows the experimental ground state exciton energy, quasiparticle bandgap, and the exciton binding energy, namely, the energy difference between the excitonic emission peak and the quasi-particle bandgap. Finally, the absorption above the quasi-particle band edge is very similar to that of typical one-dimensional systems such as carbon nanotubes where the absorption drops after peaking. This quasi-onedimensional behavior is again a direct experimental evidence of the anisotropic band dispersion of monolayer black phosphorus.
In summary, we report the first experimental observation of highly anisotropic excitons with an extraordinarily large binding energy (0.88  0.12 eV) in monolayer black phosphorus. The optical and quasi-particle bandgaps of monolayer black phosphorus are revealed to be 1.31  0.02 and 2.2  0.1 eV, respectively, which agree well with first principles calculations. Unveiling its unusual quasi-one-dimensional excitonic features 9 advances the understanding of black phosphorus in its 2D quantum confined limit while opening the door for potential applications in infrared polarized emitters and optical communication networks. Finally, the experimental demonstration of anisotropic excitons also provides direct experimental evidence of the highly anisotropic carrier mobility in monolayer black phosphorus, which may be utilized to construct advanced electronic devices and circuits.
Methods

Sample Preparation:
The monolayer black phosphorus samples were prepared by the standard mechanical exfoliation technique from bulk black phosphorus crystals (Smart Element Inc.). The as-prepared samples were sequentially cleaned by acetone, methanol and isopropanol (about 1 minute for each step) to remove the tape residue. After that, the samples were post-baked at 180 degrees for 5 minutes to remove the solvent residue.
Atomic Force Microscopy (AFM) and Raman Spectroscopy:
The thin flakes were first identified by the color contrast of microscope images. A Bruker Dimension FastScan system was then used to determine the layer thickness accurately, thus establishing the relationship between the flake thickness and color contrast. Raman spectroscopy was performed using a Horiba HR LabRaman 300 system. We used a microscope with a 100× objective lens to focus the laser spot to about 1.5 μm. The incident laser power was attenuated to below 200 µW to minimize the sample damage. Due to the possible degradation of sample quality, we used freshly exfoliated sample in both AFM and Raman measurements.
Polarization-resolved Photoluminescence (PL):
The PL experiments were performed in vacuum to minimize the possibility of sample degradation. The excitation laser is linearly 
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The authors declare no competing financial interests. flakes with different thicknesses as shown in Fig. S2 . All three spectra were calibrated using the prominent silicon peak at 520.9 cm -1 . We found that the position of A g 2 mode of monolayer black phosphorus is located at around 468.3 cm -1 , ~1.2 cm -1 higher than that in bilayer. While for black phosphorus thin film (> 20 layers), the A g 2 mode peak position is located at around 465.9 cm -1 , ~ 2.5 cm -1 lower than in monolayer. This blue shift of the in-plane A g 2 mode with reduction in layer number is likely due to the long-range Coulombic interlayer interactions, similar to the evolvement of E 2g 1 mode in few-layer molybdenum disulphide (MoS 2 ) [S3] . Moreover, the full-width-half-maximum (FWHM) of the A g 2 mode increases as the layer number goes down, probably due to the enhanced interaction with external environment. For black phosphorus thin film, the FWHM is around 5 cm -1 , and it increases to 7.4 cm -1 and 8.5 cm -1 for bilayer and monolayer,
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respectively. In addition, we also observed that the intensity ratio of A g 2 to A g 1 (A g 1 represents the out-of-plane variations) is also layer-number dependent. For instance, the A g 2 to A g 1 intensity ratio is always greater than 5 for monolayer. The ratio is around 4 for bilayer and reduces to less than 3 for thin film (> 20 layers). After establishing the relationship between the layer number and Raman spectra, we were able to quickly identify the monolayers using Raman spectroscopy. 
II. First Principles Calculations
We fully relax the atomic structures according to the force and stress calculated by density functional theory (DFT) within the Perdew, Burke and Ernzerhof (PBE) functional [S4] . All symmetries are slightly broken to mimic realistic samples. The ground-state wave functions and eigenvalues are calculated via DFT/PBE with a k-point grid of 14×10×1. We use a plane-wave basis with a 25 Ry energy cut-off with a normconserving pseudo-potential [S5] . The quasiparticle band gap is calculated by the GW
